The treatment of bacterial infections has been dramatically compromised by the persistent emergence of antibiotic-resistant strains.^[@ref1]−[@ref3]^ This growing concern has led the Infectious Diseases Society of America (IDSA) to designate *Enterococcus faecium*, *Staphylococcus aureus*, *Klebsiella pneumoniae*, *Acinetobacter baumannii*, *Pseudomonas aeruginosa*, and *Enterobacter* species as "ESKAPE pathogens" on the basis of the rapidly decreasing availability of antibiotics useful against these pathogens.^[@ref4]^ Although new antibiotics have been developed, the pace of development is slow compared to the emergence of resistant strains. Past experience has also proven that the use of any conventional antibiotic will ultimately lead to the emergence of such resistance.^[@ref1]^ In addition, many forms of bacterial infection, specifically those associated with biofilm formation, are intrinsically resistant to antimicrobial therapy regardless of the acquired resistance status of the offending bacteria.^[@ref5]^ These factors have created an urgent need for the development of alternative antibacterial strategies that would be less subject to the selective forces that drive the emergence of acquired antibiotic resistance.

Two light-activated alternative therapies are photodynamic therapy (PDT) and photothermal (PT) therapy, which employ radically different bactericidal mechanisms from conventional antibiotic therapy.^[@ref6]^ PDT utilizes a photosensitizer and visible light to produce reactive oxygen species (ROS) capable of killing pathogenic microorganisms.^[@ref7]−[@ref9]^ However, the short lifetimes of ROS present the challenge of adequately damaging enough bacteria to eliminate an infection while not significantly damaging host tissue.^[@ref10]^ We and others have instead explored the use of PT therapy using strong light absorbers such as gold (Au) nanoparticles or carbon nanotubes to generate laser-induced PT effects capable of the targeted physical destruction of bacterial cells.^[@ref11]−[@ref13]^ Using a murine model, we confirmed that this approach can be combined with photoacoustic flow cytometry to detect and eradicate bacterial cells in the blood.^[@ref14],[@ref15]^ Although PT killing alone has great potential to treat bacteremia and has shown some potential in the context of a biofilm,^[@ref13]^ the combined use of PT killing with controlled antibiotic release has the potential to dramatically improve treatment efficacy compared to either therapeutic approach alone. We previously demonstrated that the combined approach of Au nanoparticle-mediated hyperthermia and delivery of tumor necrosis factor cytokines in the context of cancer shows greater therapeutic effects with reduced side effects.^[@ref16]^ Several metal nanoparticle-based medicines are in clinical trials for cancer treatment,^[@ref17]−[@ref19]^ but to date this combination has not been explored in the context of infectious diseases.

This synergistic approach has tremendous therapeutic promise in that the combination of PT-mediated killing and controlled antibiotic release has the potential to reduce both the laser and antibiotic doses required to achieve the desired clinical effect. To this end, we examined the killing efficacy of a novel pathogen-targeted nanotherapeutic that allowed for both the physical, PT-mediated destruction of bacterial cells and the concomitant release of relatively high concentrations of an antibiotic in the immediate environment of the offending bacterial cells. We chose to focus on *S. aureus* as a proof-of-principle pathogen because of its clinical relevance, antibiotic-resistance status,^[@ref3]^ and prominence as a cause of biofilm-associated infections.^[@ref20]^ The nanoconstructs were made of Au nanocages (AuNCs) coated with polydopamine (PDA) for loading of the antibiotic daptomycin (Dap), which was selected because it is active against methicillin-resistant *S. aureus*([@ref21]) and has relatively high efficacy in the context of a biofilm.^[@ref22]^ Dap-loaded nanoconstructs were targeted to *S. aureus* by conjugating antibodies against staphylococcal protein A (aSpa), thereby creating a photoactivatable, highly selective nanodrug. As illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, this targeted nanodrug can be activated by near-infrared (NIR) light to convert the photon energy to thermal energy.^[@ref23],[@ref24]^ The resulting temperature change is of sufficient magnitude for the simultaneous generation of localized PT effects and expansion of the PDA coating leading to controlled antibiotic release.^[@ref25],[@ref26]^ The use of this nanoconstruct to synergize these therapeutic modalities was successfully demonstrated for the methicillin-sensitive *S. aureus* (MSSA) strain UAMS-1 in planktonic culture and, more importantly, for the methicillin-resistant *S. aureus* (MRSA) strain LAC in both planktonic culture and a clinically relevant biofilm model.

![Schematic illustration of the working mechanism of the targeted photoactivatable nanoconstruct for synergistic photothermal and antibiotic treatment of *S. aureus*.](id-2015-001179_0002){#fig1}

Methods {#sec2}
=======

Synthesis of PDA-Coated AuNCs (AuNC\@PDA) {#sec2.1}
-----------------------------------------

The AuNCs were synthesized by galvanic replacement reaction between Ag nanocubes and HAuCl~4~ as previously described^[@ref26],[@ref27]^ and fully detailed in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf). AuNC\@PDA was prepared by self-polymerization of dopamine on the surface of AuNCs under basic conditions in the presence of O~2~. Briefly, 3 mL of 5 nM AuNC aqueous suspension was diluted to 200 mL using Tris-buffered saline (20 mM Tris and 100 mM NaCl, pH 9) in a 250 mL, three-neck, round-bottomed flask. The reaction flask was briefly flushed with O~2~ and placed in a bath sonicator held at 4 °C with ice. Dopamine hydrochloride (0.2 mmol, 36.0 mg) was added to the flask, the vessel was sealed under 1 atm of O~2~, and the mixture was sonicated throughout the reaction until the extinction peak of AuNC had red-shifted ∼50 nm (∼75 min). After this reaction, the product was collected by centrifugation at 6000 rcf for 10 min, washed with H~2~O twice, and recovered by centrifugation at 19,000 rcf for 10 min at 4 °C. The AuNC\@PDA was resuspended in H~2~O at a concentration of 6 nM for characterization and future use.

Loading of Dap to AuNC\@PDA (AuNC\@Dap/PDA) {#sec2.2}
-------------------------------------------

Dap was loaded to the AuNC\@PDA under different conditions to prepare AuNC\@Dap/PDA. Briefly, 1 nM AuNC\@PDA was incubated with 1 mg/mL of Dap (0.6 mM) in 1 mL of 10 mM citrate buffer (pH 2.2, 0 mM NaCl; or pH 7.8, 150 mM NaCl). The reaction was allowed to stir overnight at 4 °C in the dark. The product was collected, purified with phosphate-buffered saline (PBS) once and with H~2~O three times, and collected by centrifugation at 19,000 rcf for 10 min to remove free Dap. AuNC\@Dap/PDA was resuspended in H~2~O at a concentration of 4 nM AuNCs for characterization and future use.

Conjugation of aSpa to AuNC\@Dap/PDA (AuNC\@Dap/PDA--aSpa) {#sec2.3}
----------------------------------------------------------

aSpa was conjugated to the surface of AuNC\@Dap/PDA through the primary amine groups of either the N-terminus or the lysine of the aSpa by Michael addition to form AuNC\@Dap/PDA--aSpa. Briefly, 1 nM AuNC\@Dap/PDA was dispersed in 1 mL of 10 mM bicene buffer (pH 8.5), and 0.1 nmol of aSpa was added to the solution. The reaction was allowed to proceed at 4 °C for 1 h. The conjugates were collected and washed three times with PBS by centrifugation at 19,000 rcf for 5 min at 4 °C. The conjugates were dispersed in PBS for future use and stored at 4 °C.

Two-Photon Imaging {#sec2.4}
------------------

Cultures of the *S. aureus* strains UAMS-1, LAC, and their isogenic *spa* mutants were grown to an optical density (OD~560~) of 1.0 in tryptic soy broth (TSB), which corresponds to ∼2 × 10^8^ colony-forming units (CFU)/mL. This sample (40 μL) was applied to a glass microscope slide demarcated with a hydrophobic pen and allowed to air-dry. Bacteria were heat fixed before the addition of 90 μL of PBS and 10 μL of AuNC\@PDA--aSpa or AuNC\@PDA suspension. After 30 min at room temperature, unbound reagents were removed by soaking in PBS three times for 10 min each time. The slide was blotted dry before the addition of 100 μL of 40× diluted 4′,6-diamidino-2-phenylindole (DAPI, NucBlue Fixed Cell ReadyProbe Reagent, Molecular Probes) in PBS and incubation for 10 min. This stain was removed, and the slides were washed by soaking in fresh PBS three times for 5 min each time. The slides were blotted dry, 10 μL of PBS was used as a mounting medium, and a no. 2 coverslip was applied and sealed with nail polish (Saved by the Blue, 230C). Two-photon images were acquired using a customized, four-channel, resonant scanning, multiphoton microscopy platform (Thorlabs, USA) and a 40× water immersion 0.8 NA objective (Nikon). Illumination was provided by a Mai Tai HP ultrafast Ti:sapphire laser (Spectra Physics). DAPI fluorescence was visualized using 10 mW excitation (as measured at the sample) at 700 nm and collecting from blue channel, which utilized a 466 nm center wavelength bandpass with a full width at half-maximum of 60 nm. AuNC luminescence was visualized using 10 mW excitation (as measured at the sample) at 800 nm and collecting from the red channel, which utilized a 607 nm center wavelength bandpass filter with a full width at half-maximum of 70 nm. Images were the average of 200 frames and processed identically using ImageJ (NIH). Quantitative analysis was performed by comparing the ratio of the pixel intensity from AuNC image (800 nm laser, red channel) to the pixel intensity of the DAPI image (700 nm laser, blue channel) in the region of interest. Cells (*n* = 50) were analyzed, and the intensity ratios were averaged for each sample.

Antimicrobial Activity Analysis {#sec2.5}
-------------------------------

The *S. aureus* strains UAMS-1 and LAC were grown in TSB and diluted to an optical density (OD~560~) of 0.05, which corresponds to 1 × 10^7^ CFU/mL. TSB was supplemented with 2.5 mM CaCl~2~, which is required for the in vitro bactericidal activity of Dap. This suspension (180 μL) was placed in each well of a 96-well microtiter plate (1.8 × 10^6^ cells per well). Prior to irradiation, the nanoconstruct suspension for each experimental group was sonicated (Bransonic 2800; Branson) and vortexed for 5 s to ensure homogeneous dispersion. The appropriate nanoconstruct (20 μL of 4 nM in PBS) was then added to each well, giving a final volume of 200 μL and a final AuNC concentration of 0.4 nM, which corresponds to 2.4 × 10^11^ AuNCs/mL (∼2.7 × 10^4^ AuNCs/bacterium). For irradiated groups, the contents of each well were mixed thoroughly, and a Breathe-Easy gas-permeable sealing membrane (Diversified Biotech) was used to seal the microtiter plate prior to irradiation, thus preventing evaporation. Plates containing irradiated groups were placed on ice to slow bacterial growth during the experiment, and each treatment well was irradiated for 10 min by a diode laser (808 nm, 0.75 W) with a 0.30 cm^2^ spot size that covered only the surface area of a well. Immediately following irradiation, the sealing membrane was removed, the contents of each well were mixed thoroughly by pipetting, and a 50 μL aliquot was removed for bacterial quantification. For non-irradiated groups, a 50 μL aliquot was removed immediately after mixing for bacterial quantification. After removal of aliquots from each well, plates were resealed and incubated at 37 °C with constant shaking (115 rpm). After 24 h, sealing membranes were removed, the contents of each well were mixed by pipetting, and a 50 μL aliquot was removed for bacterial quantification, which was performed by serial dilution and plate counts to enumerate CFU per well. The analysis of two time points allowed for the simultaneous assessment of PT-mediated killing (quantification at 0 h) and laser-assisted Dap release (quantification at 24 h).

Antimicrobial analysis was also performed with bacteria grown in a biofilm using our previously published model of catheter-associated biofilm formation with slight modifications.^[@ref22]^ Briefly, 14-gauge fluorinated ethylene propylene catheters (Braun, Melsungen, Germany) were cut into 0.5 cm segments, sterilized, and coated in human plasma as previously described.^[@ref28]^ Catheters were then placed in the wells of a 12-well microtiter plate containing 2 mL of TSB supplemented with glucose and sodium chloride (biofilm medium, BFM).^[@ref28]^ Each well was then inoculated with the MRSA strain LAC at an OD~560~ of 0.05, and the plate was incubated at 37 °C for 24 h. To treat catheters with our various nanoconstruct formulations, catheters were rinsed in sterile PBS and transferred to the wells of a 96-well microtiter plate. Each well contained 150 μL of BFM supplemented with CaCl~2~ and 50 μL of the appropriate nanoconstruct (1.2 × 10^11^ AuNC/well). Controls included catheters placed in 200 μL of BFM and catheters treated with 5 μg/mL of Dap. Catheters were incubated with their respective treatments for 2 h under constant rotation before each catheter was irradiated as described above. Untreated control catheters and catheters exposed to Dap alone were not irradiated. A subset of catheters for each group was harvested immediately and sonicated to disrupt the biofilm. Viable bacteria were subsequently quantified by serial dilution and plate counts. The remaining catheters were allowed to incubate for an additional 24 h at 37 °C in the wells in which they were irradiated, after which they were sonicated and viable bacteria quantified as described for planktonic cultures.

Results and Discussion {#sec3}
======================

The AuNCs synthesized using the galvanic replacement had outer and inner edge lengths of 55 ± 5 and 38 ± 5 nm, respectively; the localized surface plasmon resonance (LSPR) exhibited an extinction maximum at 753 nm ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). The AuNCs contained 74% Au and 26% Ag by mass (61% Au and 39% Ag by mole) determined by flame atomic absorption spectroscopy. The targeted antibiotic-loaded nanoconstruct was prepared in three sequential steps following the reaction scheme in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. First, in situ polymerization of dopamine was used to deposit a layer of PDA on the AuNCs, forming a core--shell structure (AuNC\@PDA).^[@ref29]−[@ref31]^ Next, Dap was stably loaded to the PDA shell through noncovalent interactions to obtain AuNC\@Dap/PDA. Finally, aSpa was covalently conjugated to both loaded and unloaded AuNC\@PDA via catechol chemistry^[@ref32]^ to yield the nanoconstructs AuNC\@PDA--aSpa and AuNC\@Dap/PDA--aSpa. Each nanoconstruct was subsequently isolated, purified, characterized, and used to examine bactericidal activity with *S. aureus*.

![Three-step scheme for synthesis of the nanoconstruct: (i) in situ polymerization of dopamine to form AuNC\@PDA; (ii) loading of Dap to obtain AuNC\@Dap/PDA; (iii) conjugation of aSpa to yield AuNC\@Dap/PDA--aSpa.](id-2015-001179_0003){#fig2}

After polymerization, a layer of PDA with a thickness of 20--50 nm on the AuNC surface was confirmed by TEM ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). The hydrodynamic diameter increased from ∼90 nm for AuNCs to ∼200 nm for AuNC\@PDA ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). The LSPR peak shifted to 824 nm ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), which was attributed to the change in the refractive index of the medium from 1.33 for water to 1.55 for PDA as the PDA thickness increases.^[@ref33],[@ref34]^ During the deposition of PDA, the LSPR maximum of the AuNCs gradually shifted from 753 to 824 nm ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). The photothermal temperature profile of the AuNC\@PDA suspension was measured under the in vitro conditions used for the planktonic studies to determine the therapeutic doses of nanoconstructs and light for in vitro experiments. AuNC\@PDA suspensions (200 μL, 0.04--0.4 nM or 2.4 × 10^10^--2.4 × 10^11^ AuNC\@PDA/mL) were added to individual wells of a 96-well microtiter plate and irradiated for 10 min using a diode laser centered at 808 nm with output power of 0.75 or 0.38 W (1.67 or 0.83 W/cm^2^, ∼30% power loss through the film cover), which covered the entire surface area of the well (0.3 cm^2^). The increase in temperature plateaued after ∼5 min and, as expected, the change in temperature was dependent on both AuNC\@PDA concentration and laser fluence ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D).

![(A) TEM image of AuNC\@PDA. (B) UV--vis--NIR spectrum of AuNC\@PDA aqueous suspension. (C, D) Temperature profile of 200 μL AuNC\@PDA suspensions in PBS at concentrations of 0.04 nM (blue triangles), 0.1 nM (red circles), and 0.4 nM (black cubes) as a function of irradiation time using an 808 nm diode laser at power density of (C) 1.67 W/cm^2^ and (D) 0.83 W/cm^2^.](id-2015-001179_0004){#fig3}

Killing efficacy of different AuNC nanoconstructs was assessed using a 96-well microtiter plate format. Unless otherwise noted, 1.8 × 10^6^*S. aureus* cells and the treatment of interest were combined in a final volume of 200 μL per well. In the control experiments carried out to establish a baseline for these studies, the *S. aureus* strain UAMS-1 was seeded, and aliquots were removed at 0 and 24 h for bacterial cell viability analysis by plating on growth medium tryptic soy agar (TSA) to determine the number of CFU. The immediate (0 h) studies confirmed the initial concentration of bacteria, whereas a sample taken after 24 h of incubation at 37 °C showed a concentration of 10^9^ CFU/mL ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, group 1). Because AuNCs contain some residual Ag, a known antimicrobial, uncoated AuNCs were incubated at 0.4 nM (4.8 × 10^10^ AuNC/well, ∼2.7 × 10^4^ AuNC/cell), and no significant bacterial death was observed ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, group 2). Similarly, exposure to AuNC\@PDA showed no decrease in CFU ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, group 3), and irradiation in the absence of AuNCs had no effect on viability ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, group 4). When AuNC\@PDA was combined with 808 nm diode irradiation, a reduction in CFUs below the limit of detection (20 CFU/well) was observed for the 0 h time point, but the number of viable cells rebounded to control levels by the 24 h time point ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, group 5). These results confirm the ability to photothermally kill bacterial cells under these conditions, but also illustrate that the PT effect alone is not sufficient to completely eradicate viable bacteria under these test conditions.

![Bacterial cell killing of various formulations against *S. aureus* investigated 0 h (striped bars) and 24 h (solid bars) following treatment: (1) no treatment; (2) 0.4 nM AuNC; (3) 0.4 nM AuNC\@PDA; (4) laser irradiation; (5) 0.4 nM AuNC\@PDA and laser irradiation. Killing was assessed at 0 h (striped bars) and 24 h (solid bars) post treatment. Black bars indicate non-irradiated groups, and red bars indicate irradiated groups.](id-2015-001179_0005){#fig4}

To assess the synergistic effect of antibiotic release, we next assessed bacterial killing using Dap-loaded AuNC\@PDA. Loading of Dap to the PDA coating was achieved through noncovalent interactions. The zeta potential of AuNC\@PDA is neutral at a pH ∼3.0 and, as expected, changes from negative to positive as pH decreases ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). Using a fixed concentration of 0.6 mM, Dap was loaded to AuNC\@PDA at pH 7.8 or 2.2. The loading capacities of Dap were found to be 4 μg/mL at pH 7.8 and 16 μg/mL at pH 2.2 in 0.4 nM AuNC\@PDA (6.2 × 10^3^ and 2.5 × 10^4^ Dap per AuNC\@PDA), referred to as AuNC\@Dap~Lo~/PDA and AuNC\@Dap~Hi~/PDA, using ultraperformance liquid chromatography (UPLC) by integrating the area of daptomycin elution at ∼3.5 min ([Table S1 and Figure S4A](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). The light-triggered release of Dap was then examined under the in vitro irradiation conditions described above ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B).

The nanoconstructs were stable for at least 3 months at 4 °C in PBS, with the amount of Dap released into solution during that time below the quantification limit of UPLC (\<1 μg/mL). The corresponding temperature profiles of the samples showed that the suspension temperature rapidly increased above 37 °C within 1--2 min of irradiation and reached a plateau at ∼55 °C after 5 min of irradiation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Within the first 2 min, the amount of Dap released was ∼1 μg/mL with release continuing through the 10 min irradiation period ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). To rule out leakage at physiological temperature, the samples were incubated at 37 °C for 24 h, and the amount of Dap released remained ∼1 μg/mL. The binding experiment was performed by varying the Dap concentration at a fixed concentration of AuNC\@PDA (1 nM), and the bound Dap per 1 nM AuNC\@PDA was plotted as a function of the total concentration of Dap ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). The interactions of Dap to AuNC\@PDA were further analyzed by Scatchard method. The result suggests a biphasic binding involving strong interactions including electrostatic interactions, hydrogen bond, π stacking, and perhaps covalent interactions, as well as weak interactions such as hydrophobic interactions.^[@ref35]^ Additionally, Dap is a cyclic lipopeptide (13-mer)^[@ref36]^ having an isoelectric point (p*I*) of ∼3.8,^[@ref37]^ and has been found to aggregate via a pH-dependent reversible "self-association" mechanism.^[@ref38]^ The increase in loading capacity at low pH is attributable to self-association of Dap. These noncovalent interactions are reversible at elevated temperature, thus facilitating the photothermal release of Dap.^[@ref38],[@ref39]^

As a control for the antibacterial activity of Dap, *S. aureus* cells were incubated with Dap at 2 or 5 μg/mL, which represent 2 and 5 times the Clinical Laboratory Standards Institute (CLSI)-defined breakpoint minimum inhibitory concentration (MIC) used to define a Dap-sensitive strain of *S. aureus*.^[@ref22]^ In the absence of laser irradiation, concentration-dependent killing was observed after 24 h of exposure, with 5 μg/mL being sufficient to eradicate the sample of viable bacteria ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, groups 1 and 2). In the absence of irradiation, AuNC\@Dap~Lo~/PDA (4 μg/mL Dap loaded, \<1 μg/mL released Dap in the well) and AuNC\@Dap~Hi~/PDA (16 μg/mL Dap loaded, \<1 μg/mL released Dap in the well) did not result in any appreciable cell killing irrespective of the amount of Dap loaded ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, groups 3 and 4), confirming the lack of Dap release from the polymer. With irradiation, exposure to 2 μg/mL Dap showed no effect at 0 h and a comparable reduction in viable bacteria ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, group 5) to that observed with the same concentration of Dap in the absence of laser irradiation ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, group 1). This demonstrates that laser irradiation does not reduce the antimicrobial activity of Dap. In contrast, laser irradiation in combination with AuNC\@Dap~Lo~/PDA at the same Dap concentration reduced the number of viable bacterial cells below the limit of detection at both 0 and 24 h post-treatment ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, group 6).

![(A) Zeta potential of AuNC\@PDA (squares) and loading capacity of Dap (triangles) as a function of pH value. (B) Release profiles of Dap upon irradiation by a diode laser at 808 nm with a power density of 1.67 W/cm^2^ at a concentration of 0.4 nM AuNCs with different Dap loadings: 4 μg/mL or 6.2 × 10^3^ Dap molecules per AuNC (AuNC\@Dap~Lo~/PDA, squares) and 16 μg/mL or 2.5 × 10^4^ Dap per AuNC (AuNC\@Dap~Hi~/PDA, diamonds). (C) Bacterial killing without irradiation and treatment of (1) 2 μg/mL Dap, (2) 5 μg/mL Dap, (3) AuNC\@Dap~Lo~/PDA (4 μg/mL), and (4) AuNC\@Dap~Hi~/PDA (16 μg/mL) and with irradiation (5) 2 μg/mL Dap and (6) AuNC\@Dap~Lo~/PDA (4 μg/mL, 2 μg/mL released). Killing was assessed at 0 h (striped bars) and 24 h (solid bars) post treatment. Black bars indicate non-irradiated groups, and red bars indicate irradiated groups.](id-2015-001179_0006){#fig5}

Although these results confirm bacterial cell killing with Dap-loaded AuNC\@PDA nanoconstructs, they must be interpreted in the context of the confined environment of the wells of a microtiter plate. For the transition to in vivo use, some means of localization is likely to be required as a means of targeting the offending bacterial cells within the complex milieu of the host. To address this, we conjugated aSpa to the surface of AuNC\@PDA via Michael addition^[@ref40]^ between the primary amines and the aromatic rings ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A) to yield AuNC\@PDA--aSpa. The reaction site of the conjugation is postulated to be either N-terminus or the lysine of the aSpa. The number of aSpa molecules on the nanoconstruct surface was quantified using a Dylight488-labeled secondary IgG antibody (caprine, antilapine) following KCN dissolution of AuNCs. An average of 19 antibodies per AuNC\@PDA was determined by fluorescence intensity of the Dylight488-labeled IgG (λ~ex~ = 493; λ~em~ = 518 nm) with calibration curve and results shown in [Figure S4C,D](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf). The irradiation profile of AuNC\@PDA--aSpa is similar to that of AuNC\@PDA ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). On the basis of CFU counts at the immediate time point, we achieved a 2--3 log reduction in CFU following irradiation of UAMS-1 treated with AuNC\@PDA--aSpa, which was attributed to PT effects ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, group 2). This effect was apparent only at the immediate time point, with CFU counts rebounding at 24 h to levels like those observed in the untreated control group ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, group 1) and the non-irradiated group exposed to the same nanoconstruct ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, group 1). These same trends were also observed with the MRSA strain LAC. Specifically, a decrease in CFU of 3--4 logs was observed immediately after irradiation followed by a rebound to untreated levels at 24 h ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B, group 3).

![(A) Reaction scheme for conjugation of aSpa to AuNC\@PDA. (B) Bacterial cell killing using AuNC\@PDA--aSpa against UAMS-1 (1) without irradiation, (2) with irradiation, and (3) against LAC with irradiation. Killing was assessed at 0 h (striped bars) and 24 h (solid bars) post treatment. Black bars indicate non-irradiated groups, and red bars indicate irradiated groups.](id-2015-001179_0007){#fig6}

Binding of the aSpa functionalized nanoconstructs to *S. aureus* was confirmed by two-photon luminescence imaging of *S. aureus* cells exposed to AuNC\@PDA--aSpa by comparison to those exposed to AuNC\@PDA and unexposed cells. *S. aureus* cells stained with DAPI appeared only in the blue channel, whereas the spectrally broad AuNC emission was strongest in the red channel.^[@ref41]^ Color was added during postprocessing to yield the composite images, and pixel intensity was quantified for both DAPI and AuNC frames ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). These studies were done with the MSSA strain UAMS-1 and the MRSA strain LAC, which are genetically and phenotypically distinct. Of particular note, UAMS-1 produces protein A at high levels relative to LAC.^[@ref42]−[@ref44]^ For both UAMS-1 and LAC, the results showed colocalization of red and blue signals with *S. aureus* cells exposed to AuNC\@PDA--aSpa ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A,D), suggesting that AuNC\@PDA--aSpa attached to the cell surface. No colocalization was observed with *S. aureus* cells exposed to AuNC\@PDA ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B,E).

As an additional control, isogenic *spa* mutants that do not produce protein A were also examined in these experiments ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C,F). Surprisingly, colocalization was observed, which is likely due to the antibody binding to other proteins on the cell surface. Western blotting of conditioned medium using the same aSpa antibody revealed the presence of additional reactive proteins in both the UAMS-1 and LAC *spa* mutants ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). In this respect it should be emphasized that Spa is an IgG-binding protein and that *S. aureus* is known to produce other such proteins, one example being Sbi.^[@ref45]^ Although this somewhat complicates interpretation of these results, in the context of the therapeutic approach we propose, binding of aSpa to multiple *S. aureus* biomarkers is advantageous as it would further enhance antibody targeting, particularly in strains that produce relatively low levels of Spa. Additionally, we confirmed the absence of binding to human endothelial cell line EA-hy926, thus suggesting that the use of aSpa as a targeting agent is unlikely to be associated with mammalian cell toxicity ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)).

![Two-photon fluorescence images of *S. aureus* cells treated at different conditions: (A) UAMS-1 exposed to AuNC\@PDA--aSpa; (B) UAMS-1 exposed to AuNC\@PDA; (C) UAMS-1 *spa* mutant exposed to AuNC\@PDA--aSpa; (D) LAC exposed to AuNC\@PDA--aSpa; (E) LAC treated with AuNC\@PDA; (F) LAC *spa* mutant exposed to AuNC\@PDA--aSpa. Cells were stained with DAPI colored in blue. Luminescence of AuNCs was colored in red.](id-2015-001179_0008){#fig7}

Following Dap loading at 4 and 16 μg/mL, aSpa was conjugated to the AuNC\@Dap/PDA nanoconstructs. The numbers of aSpa per AuNC\@Dap/PDA were determined to be 28 and 13, respectively, which are comparable to those observed with AuNC\@PDA without Dap loading ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). No bacterial cell killing was observed without irradiation ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, groups 1 and 2), but irradiation of UAMS-1 treated with either AuNC\@Dap/PDA--aSpa formulation completely eliminated the rebound of bacterial growth observed with AuNC\@PDA--aSpa ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, groups 3 and 4). These results indicate that the combination of Dap release from the nanoconstruct and photothermal treatment has a synergistic effect by comparison to exposure to Dap or PT killing alone. Eradication of viable bacteria at 24 h was apparent at both Dap concentrations, further emphasizing the therapeutic synergy of our approach. The same effect was also observed with the MRSA strain LAC, but LAC appeared to be even more sensitive to PT-mediated killing than UAMS-1. Specifically, with Dap loading the number of viable bacteria was below the level of detection at both the immediate and 24 h time points ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, groups 5 and 6). These results suggest that LAC is more thermally sensitive than UAMS-1 in the relevant temperature range of 50--55 °C, which was subsequently confirmed in experiments that exposed either strain to 50 or 55 °C with samples removed at 2 min intervals to assess the decrease in CFU ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B). The mechanism for this, or whether it is a consistent distinction between MSSA and MRSA strains, remains to be determined.

We subsequently confirmed that at a fixed volume (200 μL) decreasing the concentration of AuNC\@Dap/PDA--aSpa while holding the number of bacterial cells constant or increasing the number of bacterial cells while holding the concentration of AuNC\@Dap/PDA--aSpa constant both resulted in a corresponding decrease in bacterial cell death ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). This was true at both the immediate and 24 h time points, thus confirming a concentration-dependent effect in the context of both PT-mediated killing and antibiotic release. Importantly, studies done with surviving bacterial cells after exposure to AuNC\@Dap/PDA--aSpa and irradiation confirmed no change in MIC (data not shown), thus demonstrating that these relationships are in fact a function of the overall concentration of AuNC\@Dap/PDA--aSpa as reflected in our thermal curves as well as the number of AuNC\@Dap/PDA--aSpa per bacterial cell.

We also confirmed that both the PT and antibiotic killing effects with our AuNC\@Dap/PDA--aSpa nanoconstructs were reduced in a concentration-dependent manner in the presence of unconjugated aSpa ([Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). This confirms the targeting specificity of our approach and demonstrates that the synergistic killing effects we observed are greatly enhanced by localization of AuNC\@Dap/PDA--aSpa to the bacterial cell surface rather than generalized effects associated with PT effects and antibiotic release within the confined environment of a microtiter plate well. Further support for this hypothesis, as well as for the targeting specificity of our AuNC\@Dap/PDA--aSpa formulation, comes from the observation that the killing effects we observed were greatly attenuated when the experiments were repeated with *Staphylococcus epidermidis*, a staphylococcal species that does not produce protein A ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). Specifically, a concentration of AuNC\@Dap/PDA--aSpa of 0.4 nM was not sufficient to achieve 100% killing of *S. epidermidis* ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)), whereas a concentration of only 0.2 nM was sufficient for this purpose with *S. aureus* ([Figure S10A](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf)). Presumably, given that *S. epidermidis* does not produce Spa or any other recognized IgG-binding protein, what killing was observed with *S. epidermidis* was likely due to generalized effects of the confined microtiter plate environment.

![(A) Bacterial cell killing of UAMS-1 (groups 1--4) using AuNC\@Dap/PDA--aSpa at low (4 μg/mL, groups 1 and 3) and high (16 μg/mL, groups 2 and 4) daptomycin loading without (groups 1 and 2) and with (groups 3 and 4) irradiation assessed at 0 (striped bars) and 24 h (solid bars) after treatment. Results are also shown for studies done with LAC after laser irradiation using AuNC\@Dap/PDA--aSpa with Dap at low (group 5) and high concentrations (group 6). Black bars indicate non-irradiated groups, and red bars indicate irradiated groups. (B) Thermal kill curves of UAMS-1 (black) and LAC (red) at 50 and 55 °C.](id-2015-001179_0009){#fig8}

Finally, although a novel means of killing bacterial cells at a single cell level is important in an era of increasing antibiotic resistance, many bacterial infections, including those associated with the formation of a biofilm, are intrinsically resistant to antibiotic therapy irrespective of the acquired resistance status of the offending strain.^[@ref46]^ Because of the clinical importance of infections caused by MRSA strains, we tested the efficacy of our nanotherapeutic approach against LAC in the context of established *S. aureus* biofilms. Biofilms were grown onto 0.5 cm segments of catheters and then exposed to the various formulations described above. As would be expected given the intrinsic resistance of a biofilm, exposure to 5 μg/mL Dap had only a modest impact on the number of viable bacteria per catheter by comparison to the untreated controls ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, groups 1 and 2). After laser irradiation, exposure to untargeted AuNC\@PDA resulted in a several log reduction of CFU at 0 and 24 h ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, group 3). Targeting with aSpa increased the PT effect as determined immediately after irradiation but, in the absence of Dap loading, did not completely eradicate viable bacteria from the biofilm ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, group 4). Whereas exposure to 5 μg/mL Dap had only a modest impact on bacterial viability within the biofilm ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, group 2), a clear PT effect was observed after laser irradiation of bacteria exposed to AuNC\@Dap~Hi~/PDA, and no viable bacteria were detected at the 24 h time point ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, group 5). These results confirm that the synergistic effects of PT killing and daptomycin release observed in planktonic cultures were also apparent in the context of an established biofilm. Moreover, when biofilms were exposed to AuNC\@Dap~Hi~/PDA--aSpa and irradiated, no viable bacteria were detected at either the immediate or 24 h time points ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}, group 6). These results strongly support the hypothesis that the synergistic effects of PT killing and targeted antibiotic release are more effective than either therapeutic approach alone, even in the context of an established biofilm.

![Bacterial cell killing using a biofilm model. Experimental groups are (1) no treatment, (2) 5 μg/mL Dap, and irradiation plus (3) AuNC\@PDA, (4) AuNC\@PDA--aSpa, (5) AuNC\@Dap~Hi~/PDA, and (6) AuNC\@Dap~Hi~/PDA--aSpa. Killing was assessed at 0 h (striped bars) and 24 h (solid bars) after treatment. Black bars indicate non-irradiated groups, and red bars indicate irradiated groups.](id-2015-001179_0010){#fig9}

Conclusion {#sec4}
==========

We developed a polymer-coated, antibiotic-loaded, antibody-targeted, Au-based nanoconstruct and used *S. aureus* as a proof-of-principle pathogen to demonstrate that photothermal heating can be combined with antibiotic delivery for the synergistic treatment of bacterial infections. Specifically, PDA-coated AuNCs were incubated with *S. aureus* and irradiated to induce PT heating. Immediately after PT treatment, a several log reduction in viable bacteria was observed, but after 24 h, the bacterial population had increased back to control levels. However, this effect was not observed when the experiments were done with laser-irradiated, daptomycin-loaded AuNC\@PDA. Thus, by combining these two components we confirm the ability to reduce bacterial viability immediately after irradiation due to PT killing and to completely eradicate viable bacteria at 24 h owing to antibiotic-mediated effects. We also confirm that effective targeting to bacterial cells can be achieved using appropriate antibodies. We chose anti-Spa (aSpa) as our "proof-of-principle" antibody because protein A is a characteristic protein produced by essentially all strains of *S. aureus*, albeit in various levels.^[@ref47]^ We also confirmed the targeting specificity of aSpa using a mammalian cell line, the Spa-negative bacterial species *S. epidermidis*, and the use of blocking aSpa antibodies. This does not preclude the use of alternative *S. aureus* targeting agents either alone or in combination with aSpa, which is an area of active investigation. Additionally, overall targeting specificity remains to be determined in the context of both other bacterial species that produce IgG-binding proteins (e.g., *Streptococcus pyogenes*) and potentially even other human cell types. However, the primary emphasis in these experiments was on evaluating our antibiotic-loaded AuNC nanoconstruct and determining the feasibility of using antibodies as targeting agents to achieve the desired synergistic effects, and the results we report definitively demonstrate the feasibility of this approach. The applicability of our system could be extended to other bacterial species by changing the targeting agent and potentially the antibiotic. Moreover, the results we present confirm that we can achieve these synergistic effects even in the context of an established biofilm and that, by doing so, viable bacteria can be eliminated from the biofilm at least under the in vitro test conditions employed here. Indeed, in the context of an established *S. aureus* biofilm, complete eradication of viable bacteria was achieved only using the targeted, drug-loaded, irradiated nanoconstruct.

The ultimate goal is to develop a broadly applicable nanotherapeutic approach capable of eradicating viable bacteria, including those that exhibit acquired antibiotic resistance or are intrinsically resistant owing to their presence within a biofilm, without causing collateral damage to the human host. Thus, the obvious challenge now is to evaluate and optimize our approach under in vivo conditions and expand our approach to other bacterial pathogens. For instance, one potential application of the approach we describe would be in the context of orthopedic infections following traumatic injury and/or surgical debridement of the infected site. In such cases, the surgeon would have direct access to the site, thus greatly facilitating laser irradiation, and this has the potential to limit both the development of infection and the extent of debridement required to ensure complete eradication of an established infection, particularly when employed in the context of concomitant systemic antibiotic therapy. This is a particularly important consideration in that the surgeon is often presented with a "catch-22" in which the likelihood of eradication is greatly enhanced by an extensive debridement, but at the same time such debridements often create structurally unstable defects that require subsequent reconstructive surgeries that themselves present an additional opportunity for infection.^[@ref48]^ Thus, although much remains to be addressed, our results nevertheless provide the necessary experimental foundation to pursue these studies in the context of diverse bacterial pathogens and diverse forms of bacterial infection, including those associated with biofilm formation.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsinfecdis.5b00117](http://pubs.acs.org/doi/abs/10.1021/acsinfecdis.5b00117).Experimental details, TEM and UV--vis spectra of AuNCs, DLS data, UV--vis spectra of the polymer coating process and the LSPR shift profile, UPLC calibration curve and data analysis, UV--vis spectra of nanoconstructs, fluorescence calibration, and data analysis, temperature profile of PT effects, Scatchard plot, quantitative analysis of two-photon fluorescence images, Western blot analysis of *spa* mutants, images of targeting specificity study on human cells, and dose response curve of the photoactivated nanoconstructs ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.5b00117/suppl_file/id5b00117_si_001.pdf))
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